Heterodifusion of W into molten Fe, i.e., the diffusion of 185W which is existing in a small quantity into molten Fe, in the temperature range of 1 800 to 1970 K has been studied using the thin layer capillary method. The diffusion characteristics determined from the experimental results are Do =1.4 x 10-3 cm2 s-1 and E = 62 500 ± 4 500 J mol-1.
I. Introduction
The values of diffusion coefficients belong to the variables, by the help of which the basic properties of melts are characterized.
There is a great number of experimental methods in determining the diffusion coefficients, the most extended and accurate ones are capillary methods. ' When the capillary methods are used, the errors are mainly caused by convection in the me!t. If the values of diffusion coefficients obtained by various methods are compared with each other, the results showing differences of 25 N 30 % can usually be considered as very good ones. In this paper heterodiffusion and homodiffusion of W into molten Fe have been studied and the concentration dependence of the diffusion coefficient at 1 865 K was determined from the experimental results of reactive diffusion.
II. Heterodiffusion of W into Molten Fe in the
Temperature Range of 1 800 to 1970 K
Method and Experimental Arrangement
The thin layer method was chosen for the experimental determination of heterodiffusion coefficient of W into molten Fe.1~ In the case of diffusion of element A into element B, A -~ B, if the concentration of element A is limited to zero, CA -p 0, is the most important condition. With regard to convection during melting and non-diffusion mass transfer during heating, this simple method is particularly suitable when the diffusing element has a different density and a significantly higher melting point than that of the solvent. The influence of capillary diameter on the process of diffusion was studied previously,l~ and it was found that the wall effect arises by the capillary of small diameter and that the unfavourable effect is brought about by convection. According to the previous experiments, the optimum diameter was 0.2-0.3 cm. The effect of convection can be roughly judged according to the concentration curve obtained. If the process of diffusion is not disturbed by convection, then for our experimental conditions, i.e., the duration of heating about 7 000 s, diffusion coefficient up to 3 x 10-5 cm2 s-1 and the length of specimen about 3 cm, the concentration at the end of specimen must practically decrease to zero, see Eq. (1). By a very slow cooling of specimens, it is possible to eliminate the effect of convection.2~ On the other hand, heating of the specimen to the desired diffusion temperature is performed as quick as possible, so that at the beginning of experiments solid phase of W remains on the bottom of the capillary, and the column of the melt above it. On the basis of all the facts mentioned above one can say that the present experiments were performed in such a condition that the disturbing mass transfer effects are minimized.
Very little literature is found about the diffusion of W into molten Fe and the reported experimental results are widely different. From this reason the diffusion of W into molten Fe was studied in the present work.
The melting point of W is T, = 3 673 ± 30 K, its density is pw (293 K) =19.3 g cm-3, the melting point of pure Fe is TmFe =1 808 K and its density is PFe = 7.9 g cm-3.
The concentration of diffusing element is described by the relation,3> For the practical purpose it is usually not required to deposit a uniform layer of the diffusing element. It is sufficient to perform the experiment in such a way that the duration of diffusion heating is much longer than the time necessary for the melting of solvent and that the fragment is placed on the bottom. The weight of the fragment was between 0.005 g and 0.05 g. The thickness of the layer, h, was calculated from the weight of the fragment and the density of W. Inaccuracy of the thickness determined has practically no influence on the value of heterodiffusion coefficient in the current experiment because the calculation has shown that the variation of h by 10 % gives the change of the value of Dh by less than 0.1 %.
Density of W is greater than that of molten Fe; since diffusion takes place in the direction of decreasing density against the gravitational field. In the present experimental arrangement convection caused by the difference in the densities of W and Fe is eliminated.
Capillaries containing the samples were placed in holes drilled in a graphite block as well as a Pt-PtRh-18 thermocouple protected by an A12O3 tube. Heating was performed in a Tammann furnace in an Ar atmosphere. Before the diffusion experiment, the sample block was placed above the central zone of the furnace which was heated to the experimental temperature, so that the sample temperature was maintained below the melting point of Fe. Then, the block was lowered into the central zone of the furnace at the beginning of diffusion heating.
The duration of diffusion heating was defined as the time required from the melting of sample to the solidification. The duration of diffusion heating were mostly 6 000 N 7 000 s.
The method of determining the diffusion temperature in the experiment with non-stationary temperatures has already been discussed in the previous paper.4) According to this analysis, it is sufficiently accurate to define the diffusion temperature as the mean value of the temperatures at the time of sample melting and its solidification in this experiment. Maximum variations of the temperature during the diffusion heating were ±20 K, which gives the errors of less than 0.3 % in the value of diffusion coefficient. 4) After the termination of diffusion heating, the sample was cooled to the solidification point of Fe within 600 s. The influence of convection in the melt for diffusion is minimized by adopting the slow cooling and slow solidification. The samples cooled were taken out of the ceramic covers and cut into slices of about 0.2 cm thick, weighing about 0.1 g. Radioactivity of each slice was measured using a single-channel scintillation gamma spectrometer with NaJ (Ti) crystal. The concentration curve of diffusing element was determined from the ratio of the radioactivity of each slice to the radioactivity of the original W fragment.
Diffusion experiments were performed by the use of 25 samples which are containing 0.03 % C, 0.3 % Mn, 0.02 % Si and 0.02 % P. It was a common lowcarbon steel. Eight experiments were performed for the sake of comparison with high purity "Arema " iron which is containing 0.03 % C, 0.06 % Mn, 0.03 % Si, 0.02 % S, 0.005 % P, 0.02 % Ni, 0.03 % Cr and 0.04 % Cu.
Experimental Results and Their Evaluation
The values of heterodiffusion coefficient Dh were obtained from least-squares fits of the experimental values cexp (xi, t), where x1 is the distance of the center of i-th portion of the sample from the surface, t is the duration of diffusion heating, to the theoretical regression function (1) by means of computer.* Concentration of the diffusing element at the surface of sample ranged from few tenths to few per cents. 
Temperature Dependence of Heterodffusion Coefficient
The temperature dependence of diffusion coefficients listed in Table 1 may be expressed by the Arhenius type equation, DF =1.4 x 10-3 exp --62 500±4 500 (cm2s-1)... (2) where the activation enthalpy is given in J mol-1, i.e., 14 900±1 100 cal mol-1. The results are plotted in Fig. 2 . Relation (2) shows that the activation enthalpy of heterodiffusion of W into molten Fe could be determined with relatively high precision by the thin layer method. Results of the measurements of diffusion coefficient in melts having dispersions of less than 25 % may be considered as very good one in view of the current experience with various methods. ' Diffusion of W into molten Fe was studied by Schurigin and Schantarin5'6> by the rotating disk method and their results are considerably different from the values obtained in the current study: D= 1.2 x 10-5 cm2 s-1 at 1 843 K, the frequency factor Do=8.5 x 10-3 cm2 s-1 and the activation enthalpy E= 105 J mol-1. The result obtained by the rotating disk method are in some cases less accurate when it is compared with the results of other methods, e.g., capillary methods.1
III. Homodifusion of W into Fe-W Molten Alloy
In order to know the concentration dependence of diffusion coefficient of W into Fe-W molten alloy, homodiffusion of W into these alloys must be studied. In the case of homodiffusion of radioactive isotope A* into element A, A* -* A, or commonly A* into the system of A+B, A* -+ A+B, if the concentration of radioactive isotope A* is limited to zero, the condition of c 4 --~ 0 is most important. A* is the radioactive isotope of the element A. The values of concentration dependent coefficient D (c) enable to verify the experimental results of the reactive diffusion study.
For the experimental determination of homodiffusion, the thin layer method can also be used, and the influence of convection is eliminated remarkably by the difference in the densities of diffusing element and solvent and their melting points.
Homodiffusion of W was studied by using the molten Fe-W alloy containing 23 wt% W; this alloy begins to melt at the temperature of about 1 813 K.7> Fe-W alloy was prepared by melting the calculated amounts of W wire fragments and "Arema " iron cylinders. Further experimental processes were identical to that described in the previous chapter for the heterodiffusion observations, i.e., fragments of W metal Table  3 . From these results, it can be concluded that the experimental determination of the homodiffusion coefficient was precise, which is obvious from the dispersion of experimental values D shown in Table 3 .
Iv. Reactive Diffusion of W into Molten Fe
Theoretical Analysis
For the configuration in which a solid phase is in contact with a melt it is used the term of reactive diffusion. In the place that the solid phase contacts with a melt, as in the case of W, it dissolves and diffuses into the melt.'> In this version of capillary method a metal cylinder that rests in the unmolten state during the experiment, is placed into a capillary, and above this cylinder there is a melt. At the solidmelt interface, the equilibrium saturated concentration of diffusing element csat exists on the side of the melt. This concentration may be determined from the phase diagram for a given temperature. During the experiment the interface between the solid phase and the melt shifts.
In the study of the diffusion processes by the reactive diffusion method, a concentration dependence of diffusion coefficient must be taken into account, at least the linear dependence described below: ~ where, Dh : the heterodiffusion coefficient a : the corresponding coefficient characterizing the linear concentration dependence. Applying the method similar to that proposed by Tichonov and Samarskij,8> Eq. (4) was solved under the initial and boundary conditions shown in Eq. (5) by introducing the relation (3) ; the terms containing products (acsat)n, n>2 are neglected. The derivation is formally identical to that presented previously,9> only the initial and boundary conditions of the diffusion equation are different. Let us emphasize that the shift of the solid-metal interface during the course of diffusion is neglected as this shift is not more than several per cents of " the depth of diffusion ", i.e., the distance x>2 /Dht , is about 5 % in the current work.
In order to determine the value of coefficient a in Eq. (3), the heterodiffusion coefficient Dh must be known. The determination of a is done by a computer least-squares fit of the relation (6) to the experimental values cexp (xi, t).
Experimental Arrangement
Experimental arrangement was similar to that used for the determination of heterodiffusion coefficient. The cylinder of solid W was 1.5 cm high, and above it the column of melt was placed so as to be 1.5 cm high. The diffusion temperature was 1 865 K and its duration was 6 000 s. The concentration csat at the interface was 0.35. Inactive tungsten was used and the concentration curves were established by the use of sectioning method. Examples of experimental points and computer fits of the relation (6) to these data are shown in Fig. 3 3. Concentration Dependence of Diffusion Coefficient of W into Molten Fe Experimental results of reactive diffusion were treated by a computer and the following concentration dependences of diffusion coefficient of W into molten Fe were established. The value of heterodif- Table   3 . Homodiffusion coefficients of W in molten alloy Fe-W (23 %) at the temperature 1865K. where, D (c) : expressed in cm2 s-~ c : the concentration expressed by mass fraction. The mean value of a coefficient is -1.3. The analysis described above concerning the reactive diffusion was completed by studying the distribution of W in Fe by means of the electron beam microanalyser. The present analysis was carried out to clarify whether or not the molten iron penetrates into the solid phase of W. As seen from the results of this analysis, in the sensibility ranges no iron diffuses into the solid phase of W.
The a coefficient can also be determined from the homodiffusion coefficient l.9 x 10-5 cm2 s-1 at 1 865 K 
